The surface temperature dependence of the ortho-to-para conversion of H 2 on amorphous solid water is first reported. A combination of photostimulated desorption and resonance-enhanced multiphoton ionization techniques allowed us to sensitively probe the conversion on the surface of amorphous solid water at temperatures of 9.2-16 K. Within a narrow temperature window of 8 K, the conversion time steeply varied from ∼4.1 × 10 3 to ∼6.4 × 10 2 s. The observed temperature dependence is discussed in the context of previously suggested models and the energy dissipation process. The two-phonon process most likely dominates the conversion rate at low temperatures.
The hydrogen molecule holds a fascination for scientists in physics and chemistry, but also in astronomy, because of its quantum mechanical nature and massive abundance in space. The rotational states of molecular hydrogen couple with nuclear spins. Ortho-and parahydrogen with parallel and antiparallel proton spins have odd and even rotational states, respectively. Because a rotational energy difference of ∼14.7 meV corresponds to a temperature of 170 K between the lowest para (J ¼ 0) and ortho (J ¼ 1) states, which is significantly higher than the local temperature (∼10 K) in interstellar molecular clouds, ortho-and parahydrogen play different roles in the chemical reactions occurring in those environments [1] . The radiative ortho-topara (OP) conversion in the gas phase is forbidden, and thus extremely slow. Therefore, it is highly desirable to know how the OP conversion occurs on the surfaces of cosmic dust solids where H 2 is produced.
In contrast to the gas phase, OP conversion is promoted on various solid surfaces [2, 3] . On magnetic surfaces and/or with magnetic impurities, such as O 2 , the OP conversion is induced via magnetic dipole interactions [4, 5] . Furthermore, conversion on diamagnetic surfaces such as Ag [4] [5] [6] [7] [8] [9] , Cu [10, 11] , and graphite [12, 13] have been reported. The proposed conversion mechanism for those surfaces is the Coulomb contact model [3] . Recently, experimental studies demonstrated that dielectric and diamagnetic insulators of the microporous material MOF-74 [14] and amorphous solid water (ASW) [15] [16] [17] [18] can also induce the OP conversion of H 2 . This H 2 -ASW system is of great astronomical interest because hydrogen molecules are considered to form on cosmic dust covered by ASW in interstellar molecular clouds [19] . Therefore, understanding OP conversion on ASW would greatly impact the study of chemical evolution in interstellar clouds.
As a possible mechanism of OP conversion on ASW, Sugimoto and Fukutani [17] proposed that the presence of giant inhomogeneous surface electric fields with steep gradients on the surface of ice [20] can induce a change of rotational states via the Stark effect, and thus enhance spin-orbit couplings between electronic states of molecules. By these effects, nuclear spins can change via intramolecular hyperfine contact interactions. Although an excellent conversion mechanism has been proposed, other surface properties and processes should play a role in the conversion. For example, it is known that the surface of ASW has a broad range of adsorption sites [21] . The magnitude of the surface electric field and its gradient may depend on the site where H 2 adsorbs. Thus, the OP conversion rate may depend on the adsorption site. Furthermore, in the OP conversion, excess energy that is equivalent to the energy difference of two states must be released. While this process has not been paid much attention for the OP conversion at surface, previous studies showed the importance of energy dissipation for the OP conversion in matrices at low temperatures [22] [23] [24] [25] . To obtain deeper insight into the entire conversion mechanism, we investigated the surface-temperature dependence of OP conversion on ASW in the time scales from 10-600 s. We found that the conversion rate varies steeply with surface temperature in the narrow range of 9.2-16 K. The obtained temperature dependence indicates that the conversion rates at low temperatures are dominated by two-phonon energy dissipation process.
The experiments were performed in an ultrahigh vacuum chamber at a base pressure of ∼3.0 × 10 −8 Pa with a doubly differentially pumped molecular beam source. The ASW films were grown to a thickness of approximately 20 monolayers on an aluminum substrate at a surface temperature (T S ) of 10 K by introducing carefully degassed H 2 O vapor into the vacuum chamber through a leak valve (2.0 × 10 −5 Pa × 300 s). The surface area of the ASW with this thickness is about 10 times larger than a well-packed flat surface that has typical adsorption sites of 10 15 cm −2 [26] . Temperature was measured with a Si diode and controlled with fluctuation of less than AE0.5 K. Before each experiment, the sample was heated to 55 K to eliminate any existing O 2 molecules from the ASW surface [17, 27] , as these are known to promote nuclear spin flip on the surface [15] . The pulsed molecular beam of normal pure H 2 with an OP ratio of 3 struck the ASW surface with a beam spot of 3 mmϕ. An incident angle is 45°with respect to the surface normal. This H 2 deposition method has the great advantage of shortened deposition times, and avoids any increase of undesired background H 2 in the chamber. If H 2 is deposited by a gas flow through a nozzle, the H 2 gas spreads widely beyond the sample area and a significant amount of the gas eventually permeates the chamber. Such an H 2 gas can immediately undergo OP conversion on the metal surfaces of cold head and shroud [11] and return to the sample surface even during the deposition, which may poison the initial ortho-para ratio of the samples. Adsorbed ortho-and parahydrogen were detected by a combination of photostimulated desorption (PSD) and (2 þ 1) resonanceenhanced multiphoton ionization (REMPI) techniques via the E, F 1 P þ g states with a time-of-flight mass spectrometer [16, 18] . The PSD was caused by irradiation of a nonfocused pulsed laser light at a wavelength of 532 nm and energy of about 163 μJ pulse −1 . We confirmed that the PSD laser irradiation did not cause undesired chemical process effects and structural changes of the ASW [16] . The REMPI-laser irradiation fixed at resonance wavelengths for the ionization of H 2 (v ¼ 0; J ¼ 0 or 1) were focused at a distance of about 5-6 mm above the sample surface. Both PSD and REMPI lasers were run at a repetition rate of 10 Hz, and the delay time between both laser pulses was fixed to a time when the detected desorbed hydrogen signal was at a maximum. In these experiments, H 2 molecules in the J ¼ 2 and 3 states were not detected. The total impinging doses of H 2 were of the order 10 15 molecules cm −2 , with deposition times of 2.5-4 s. The H 2 surface density decreased with an increase of surface temperature due to different sticking coefficients. The relative H 2 densities were estimated from the total desorption signals, to vary from 1 to 0.3 at 10-16 K, respectively. At temperatures above 16 K, the H 2 surface density drops rapidly because of molecular desorption and thus the measurement was not possible.
The measurements were performed in temperature range from 9.2 to 16 K. With starting the H 2 deposition, the REMPI laser was continuously injected above the ice surface so that H 2 signal is immediately recorded once H 2 photodesorbs from the ice. After certain periods of residence time, H 2 was photodesorbed and, consequently, ionized state selectively at either J ¼ 0 or 1 by REMPI. The PSD laser injection was continued for 60 sec until photodesorbed H 2 intensity decreased significantly (see Supplemental Material [28] ). Fig. 3 . The conversion rate steeply increased with increasing T S even within the narrow temperature window used in the experiment. For comparison purposes, the nuclear spin conversion was also measured for D 2 molecule at T S ¼ 16 K (Supplemental Material [28] ). The conversion was obviously much slower than that for H 2 at T S ¼ 16 K which is also consistent with previous experiments [15] [16] [17] .
One scenario that may explain the observed strong temperature dependence of the conversion rate is that the conversion is sensitive to adsorption potential sites on the surface. Sugimoto and Fukutani proposed that the conversion is triggered by inhomogeneous giant electric fields on the ASW surface [17] . More recently, it was reported that the OP conversion efficiency of H 2 in a Hofmann-type porous coordination polymer depends on H 2 -trapped sites in bulk [29] . The efficiency was found to be enhanced at the site where the magnitude of the local electric field is stronger. In their experiment, the distribution of H 2 molecules at each trapped site can be controlled via the bulk temperature. Owing to the amorphous structure, adsorption sites have various potential depths on the ASW surface [21] where the magnitude of the electric field should differ with each other. The H 2 molecules diffuse rapidly on ASW and are finally trapped at adsorption sites with a certain distribution depending on the surface temperature [21, 30] . Therefore, the conversion rate can depend on the adsorption site(s) on ASW. The deep adsorption potential site is considered to originate from defects, dips, and steps on the surface of ASW. Therefore, H 2 molecules in such deep sites interact strongly with the surrounding H 2 O via dangling OH and thus suffer from electric fields with larger magnitudes, which would induce a faster OP conversion. Since the H 2 -desorption temperature from ASW is around 20 K, at temperatures close to 20 K the H 2 molecules cannot stay in shallower sites and thus tend to be located at the deep adsorption potential sites. In contrast, the H 2 molecules can be trapped even at shallower sites at 10 K, which is well below the desorption temperature. This temperaturecontrolled H 2 adsorption site may make the conversion rate faster at higher temperatures. To confirm this scenario, we first deposited H 2 molecules on ASW at 12 and 16 K where H 2 stays only at deeper sites. After the deposition, the surface temperature quickly decreased to 10 K, where H 2 trapped in deep sites at the deposition cannot move. In this manner, the H 2 distribution on the surface sites produced at 12 and 16 K can be frozen at 10 K. If deep-potential sites play an important role in the enhancement of the conversion rate above 12 K, a fast conversion should appear on the 10-K ASW. However, the OP conversion rate obtained from this measurement was almost equivalent to that for the 10 K deposition case shown in Fig. 2(a) ; see the Supplemental Material [28] . This result indicates that the conversion rate cannot be explained solely by the difference in the potential sites, and instead an additional mechanism is required.
The OP conversion of molecules on the surface is completed by the transformation of nuclear spin states, in other words the nuclear spin flip and the subsequent energy dissipation. Therefore, the role of phonons in the energy dissipation process should be considered when explaining the temperature dependence of the conversion. For H 2 physisorbed on ASW, the energy difference between the J ¼ 1 (ortho) and 0 (para) states, which would be rather smaller than that of 14.7 meV for isolated due to the suppression of rotational motion on the ASW, must be released through the surface and/or bulk phonon processes. Spin-lattice relaxation occurs via one-phonon or twophonon processes. The rate f one of the one-phonon process is proportional to
where δ is the energy difference between two spin states, and T is the solid temperature [24] . In the present experiment, taking δ ¼ 14.7 meV, which corresponds to 170 K and T ¼ T S ≤ 16 K, the rate of the one-phonon process becomes almost temperature independent, which cannot explain the temperature dependence observed here. The two-phonon process proceeds via the simultaneous absorption of a phonon from the initial up to intermediate states, and the emission of another from an intermediate to the final states, which can be categorized into Orbach or Raman process when the intermediate state is a real or virtual state, respectively [24] . These two-phonon relaxation mechanisms were found to be applicable for explaining the temperature dependence of nuclear-spin conversion, coupled with rotational states, of CH 4 in solid parahydrogen [23] , and also that of rovibrational dephasing of CD 4 in a para-H 2 matrix [22] . For the OP conversion of H 2 , the intermediate real state is J ¼ 2. Since the energy difference between J ¼ 1 and 2 is approximately 29.4 meV (∼341 K) in the gas phase, which is far above the Debye temperature of water ice [31] , the Orbach process is not suitable in the present case. In contrast, the Raman process, which only requires the energy difference of two phonons to be equivalent to that between the initial and final states, can be considered as a plausible relaxation process. In fact, in an inelastic neutron-scattering experiment [32] , acoustic phonon modes of vapor-deposited ASW were observed at 50 K to cover energies below approximately 23 meV with two very broad peaks centered at around 7 and 17 meV. A phonon mode at ∼6 meV was also observed in a surfacesensitive He-scattering experiment [33] . These phonons enable the OP conversion of H 2 on ASW via the Raman process. Since the rate of the Raman process is proportional to T n at low temperatures [24, 34] , we fitted the data of the temperature dependence with a power law of the form AT n . The fitting failed when including the plots at 14 and 16 K but, taking A ¼ 3.2 AE 4.8 × 10 −11 s −1 and n ¼ 7.1 AE 0.6 reproduces the experimental data below 14 K very well, as shown in Fig. 3 . The power of n ¼ 7 is particularly known to appear in the Raman process when the temperature is sufficiently lower than the Debye temperature of the given solid [34] , which suggests that the OP conversion rate is limited by the energy dissipation process at temperatures below 14 K. The reason for deviating from the power law at above 14 K is unclear (Fig. 3) , but it implies that the OP conversion rate above 14 K is limited by the nuclear spinflip rate by the ortho-para state mixing before the energy dissipation by phonons. An alternative explanation for OP conversion was recently given by Ilisca and Ghiglieno [35] . According to their model, electrostatic and dynamical moleculesurface interactions play an important role in the conversion. Coulomb repulsion induces exchanges of H 2 and surface electrons, leading to virtual excitation to triplet states, and the hyperfine contact interaction leads to nuclear spin flips. Furthermore, it was addressed that short-time interaction between hydrogen molecules and the repulsive part of the surface potential, such as (repetitive) surface scattering, accelerates the conversion. However, in the present experiment, the OP ratio at residence time of ∼10 s was 3 for normal H 2 molecules within the experimental accuracy. This implies that the initial scattering process, including single collisions, is not efficient to promote OP conversion of adsorbed H 2 molecules.
Here, the astronomical implications of our result are described. The OP ratio of H 2 is key for understanding chemical evolution in cold interstellar clouds because of the large energy difference (∼170 K) between the J ¼ 0 and 1 states, compared to the temperature of the environment. For example, the ion-molecule reaction,
is very important to produce H 2 D þ , which further produces other deuterated molecules via deuteron transfer. Reaction (2) is exothermic by about 230 K, and works as an H 2 D þ formation route when the reactant H þ 3 and the products are in the para ground state. However, when the reactants, H 2 D þ and H 2 , are both in the lowest ortho state, the reverse process of reaction (2) with para-H þ 3 production becomes efficient, even in 10 K clouds. That is, ortho H 2 can be a chemical poison to molecular deuteration in clouds [1] . The present results first demonstrate that the OP ratio of H 2 when released to the gas phase from cosmic dust strongly depends on the dust temperature and the duration at the surface. It should be noted that at certain temperature and morphology of dust surface the desorption rate of H 2 formed on dust can be larger than the conversion rate.
In summary, we measured the temperature dependence of H 2 OP conversion on ASW. At temperatures below 14 K, the conversion rate accelerates with surface temperature. This steep temperature dependence can be fitted as a power law that depends on T S , which can be explained by the twophonon energy dissipation process. Above 14 K, the conversion rate deviates from a power law, which may be limited by the rate of nuclear spin flip. Considerable progress has been made on the theoretical study of gassurface dynamics and surface scattering study in the last decade, in particular hydrogen with metal surfaces [36, 37] . Such theoretical and experimental studies can help to better understand the interaction between hydrogen and ice. 
